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Introduction
Substantial progress has been made during the past few decades to develop metal-based small molecules as DNA foot-printing as well as the therapeutic agents that are capable of binding and cleaving DNA under the physiological condition [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Metal complexes, in this context, with tunable coordination environments and versatile physicochemical properties offer scope for designing and developping highly sensitive diagnostic agents for medicinal applications as exemplified by the chemotherapeutic agents such as cis-platin and bleomycins [13] [14] [15] . Among the metal complexes so far investigated, those of polypyridyl phenanthroline bases have attracted great attention by virtue of its binding propensity to nucleic acid under the physiological condition [16] [17] [18] [19] 8] . Sigman et al. investigated the chemical nuclease activity of bis-(1,10-phenanthroline)copper(I) complex which on activation with H 2 O 2 induced oxidative strand scission in the presence of reducing agent [1, 2] . The active oxo species attack the deoxyribose sugar proton of the nucleotide which is in the vicinity of the copper(I) bis phen species in the minor groove oxidatively initiating a series of complex free radical chain reaction to induce DNA strand scission [20, 21] . Strong binding affinity of the copper bis phen complex and the redox behavior of the copper center played an important role in inducing oxidative DNA cleavage. Chakravarty et al. recently explored extensively the transition metal-based chemistry toward cleavage of DNA under the physiological condition by oxidative as well as photochemical means on charge transfer or d-d band excitation [22] [23] [24] [25] [26] [27] [28] [29] . Designing and synthesis of bio-essential amino acid based transition metal complexes which are capable of cleaving DNA attracted much attention in the very recent time [30] [31] [32] [33] [34] [35] [36] . We have also previously reported chemical nuclease activity of proline/leucine/isoleucine based copper(II) complexes under physiological condition [37, 38] .
The present work stems from our interest to explore the chem- Abbreviations: bpy, 2,2 0 -bipyridyl; dpq, dipyrido[3,2-d:2',3'-f]quinoxaline; dione, 1,10-phenanthroline 5,6 dione; CT, calf thymus; CW, continuous wave; DMF, dimethylformamide; DMSO, dimethylsulfoxide; EB, ethidium bromide; NC, nicked circular; PDT, photodynamic therapy; phen, 1,10-phenanthroline; SC, supercoiled; SCE, saturated calomel electrode; SOD, superoxide dismutase; TEMP, 2,2,6,6-tetramethylpiperidine; TBAP, tetrabutylammonium perchlorate; TAE, trisacetate-EDTA; Tris, tris(hydroxymethyl)aminomethane. 
Experimental

Materials and methods
The reagents and chemicals were purchased from commercial sources and used as received without further purification. The solvents used were purified by standard procedures [39] . Supercoiled (SC) pUC19 DNA (cesium chloride purified) was purchased from Bangalore Genie (India). Calf thymus (CT) DNA, agarose (molecular biology grade), distamycin-A, catalase, superoxide dismutase (SOD) and ethidium bromide (EB) were from Sigma (USA). Tris(hydroxymethyl)aminomethane-HCl (Tris-HCl) buffer was prepared using deionized and sonicated triple distilled water. 5,6-Phenanthroline dione and dipyrido [3,2-d:2 0 ,3 0 -f]quinoxaline (dpq) were prepared following a literature method [40] . The elemental analysis was done using a Thermo Finnigan FLASH EA 1112 CHNS analyzer. The infrared and electronic spectra were recorded on Perkin Elmer Lambda 35 and Perkin Elmer spectrum one 55 spectrophotometers, respectively at 25°C. Magnetic susceptibility data for polycrystalline samples of the complexes were obtained using Model 300 Lewis-coil-force magnetometer of George Associates Inc. (Berkeley, USA) and Hg[Co(NCS) 4 ] was used as a standard. Experimental susceptibility data were corrected for diamagnetic contributions [41] . Molar conductivity measurements were done using a Control Dynamics (India) conductivity meter. Cyclic voltammetric measurements were made at 25°C on a EG&G PAR 253 VersaStat potentiostat/galvanostat using a threeelectrode set up consisting of a glassy carbon working electrode, a platinum wire auxiliary electrode and a saturated calomel reference (SCE) electrode in DMF containing 0.1 M TBAP.
Synthesis
Preparation of [Cu(L-ala)(B)(H 2 O)](X) (1-4) (L-ala = L-alanine and B = bpy, 1; phen, 2; dione, 3 and dpq, 4); X = NO Caution! Perchlorate salts are potentially explosive and only small quantity was handled with care.
X-ray crystallographic procedures
Single crystals of the phen and dione complexes (2, 3) were grown by slow evaporation of water/methanol mixture. Blockshaped single crystal was mounted on a glass fiber with epoxy cement. The X-ray diffraction data were measured in frames with increasing x (width of 0.3°per frame) and with a scan speed at 15 s/frame on a Bruker SMART APEX CCD diffractometer, equipped with a fine focus 1.75 kW sealed tube X-ray source. Empirical absorption corrections were carried out using multi-scan program [42] . The structure was solved by the heavy atom method and refined by full matrix least-squares using SHELX system of programs [43] . All non-hydrogen atoms were refined anisotropically and the hydrogen was refined isotropically. The hydrogen atoms attached to the hetero atoms were in their calculated positions and refined according to the riding model. The goodness-of-fit of the complexes 2 and 3 were 1.070 and 0.987, respectively. Perspective view of the complexes was obtained by ORTEP [44] . The complex 2 crystallizes in monoclinic C2 space group and the asymmetric unit contains two complex molecules with three lattice water molecules. On the other hand the complex 3 crystallizes in orthorhombic P2 1 2 1 2 1 space group. The selected crystallographic data is shown in Table 2 .
DNA binding and cleavage experiments
DNA binding experiments were performed in Tris-HCl/NaCl buffer (5 mM Tris-HCl, 5 mM NaCl, pH 7.2) using aqueous solution of the complexes. Calf thymus DNA (CT-DNA) (ca. 250 lM NP) in Tris-HCl buffer medium gave a ratio of the UV absorbance at 260 and 280 nm of ca. 1.9:1 indicating the purity of DNA which is apparently free from protein [45] . The concentration of DNA was calculated from its absorption intensity at 260 nm with known molar absorption coefficient value of 6600 M À1 cm À1 [46] . UV- Tris-HCl buffer (pH 7.2) at 25°C. EB itself did not show any fluorescence in Tris-HCl buffer medium as its fluorescence was quenched due to collision of EB with the excess solvent molecules [49, 50] . EB showed enhanced fluorescence emission due to its intercalation to the CT-DNA which make EB inaccessible to the solvent molecule. The fluorescent intensity of EB bound CT-DNA at 600 nm with increasing concentration of the complex was recorded. The addition of metal complex to CT-DNA could result in the competitive displacement of EB and hence there was a decrease in the emission intensity. The apparent binding constants for the complexes K app were determined by using the equation:
. DNA-melting experiments were carried out by monitoring the absorbance of CT-DNA (260 nm) with increasing temperature in the absence and presence of the complexes in a 10:1 molar ratio of the CT-DNA and the complex in phosphate buffer medium (pH 6.8) with a ramp rate of 0.5°C min À1 using Cary Bio UV-Vis spectrophotometer.
Viscometric titration experiments were performed by using Schott Gerate AVS310 Automated viscometer that was thermostated at 37(±0. The viscosity values were calculated from the observed flow time of CT-DNA containing solutions (t) duly corrected for that of the buffer alone (t 0 ), g = (t À t 0 )/t 0 .
The oxidative cleavage of SC pUC19 DNA by the ternary copper(II) complexes was studied by agarose gel electrophoresis. 3-mercapto propionic acid (MPA) (5 mM) was used as the reducing agent for the chemical nuclease activity. Reactions were carried out under dark conditions. Eppendorf vials were used for experiments in a dark room at 25°C using SC DNA (1 ll, 0.2 lg 30 lM) in 50 mM Tris-(hydroxymethyl) methane-HCl (Tris-HCl) buffer (pH 7.2) containing 50 mM NaCl and the complex (2 ll) with varied concentrations. The concentration of the complexes in DMF or the additives in buffer corresponded to the quantity after the dilution of the complex stock to the 20 ll final volume using Tris-HCl buffer. The SC pUC19 DNA samples were pre-incubated for one hour at 37°C, followed by its addition to the loading buffer containing 0.25% bromophenol blue, 0.25% xylene cyanol 30% glycerol (2 ll) and the solution was finally loaded on 0.8% agarose gel containing 1.0 lg ml À1 ethidium bromide (EB). The electrophoresis was carried out in a dark room for 2 h at 45 V in TAE (Tris--acetate-EDTA) buffer. The bands were visualized by UV light and photographed. The extent of cleavage of SC DNA was determined by measuring the intensities of the bands using a UVITECH Gel Documentation System. Due corrections were made for the low level of nicked circular (NC) form present in the original supercoiled (SC) DNA sample and for the low affinity of EB binding to SC compared to NC and linear forms of DNA [52] . Different additives were added to the SC DNA for mechanistic investigations in presence of the copper(II) complexes. 
Results and discussion
Synthesis and general properties
All the ternary copper(II) complexes (1-4) were synthesized in good yield in which Copper(II) salt is reacted with the NaOH treated L-alanine followed by the addition of methanolic solution of the N,N 0 heterocyclic base (bpy, 1; phen, 2; dione, 3; and dpq, 4) (Scheme 1). All the complexes 1-4 are characterized from analytical, spectral and magnetic data ( Table 1 ). The complexes are 1:1 electrolytic in water and the complexes are IR active. The complexes 2 and 3 display characteristic nitrate anions stretching at $1380 cm À1 whereas the complexes 1 and 4 show characteristic infrared band for the perchlorate anion at 1090 cm
À1
. The complexes are one-electron paramagnetic at room temperature corresponding to d 9 electronic configuration for copper(II) center. The complexes display copper(II) centered d-d band at $600 nm in addition to the ligand-centered bands in the UV region of electromagnetic spectrum (Fig. 1) . The electronic spectra of the complexes are in very good agreement with the previously reported squarepyramidal geometry of the complexes [37, 38] . The complexes show metal-centered quasi-reversible cyclic voltammetric response due to the Cu(II)/Cu(I) couple near À0.1 V versus SCE in dmf containing 0.1 M TBAP (Fig. 2 , Table 1 ). The ligand-centered cyclic voltammetric responses were observed at À1.2 to À1.6 V.
The spectral and redox behavior of the complexes suggest similar molecular structures of the complexes in solution phase.
Crystal structure
The phen (2) and phen-dione (3) complexes of L-alanine are structurally characterized from single-crystal X-ray diffraction technique. Selected crystallographic data are summarized in Table  2 . The ORTEP views of the complexes are shown in Fig. 3 . Selected bond distances and angles are given in Table S1 .The complexes 2 Scheme 1. Schematic representation of the complexes 1-4. and 3 crystallize in the non-centrosymmetric C2 (monoclinic) and P2 1 2 1 2 1 (orthorhombic) space group having two and one independent molecule in the crystallographic asymmetric unit, respectively. The copper(II) ion is coordinated in a distorted squarepyramidal (4 + 1) coordination geometry through the carboxylate oxygen atom O(1) and the amino nitrogen atom N(3) of L-alanine and two N-atoms of 1,10-phenanthroline/phen-dione and a weakly bound axial water molecule (trigonal distortion parameter, s av (2Á2.5H 2 O) = 0.068; s av (3) = 0.10) [37] . The configuration at the chiral a-carbon is S in both the complexes.
Both the phen (2) and phen-dione (3) structures show extensive intermolecular non-covalent interactions. While one hydrogen atom of the axial aqua ligand is hydrogen-bonded to the carboxylate oxygen (C@O) atom belonging to the neighboring molecule, the other hydrogen atom of the same axial aqua ligand is H bonded with the oxygen atom of the lattice NO The binding properties of the complexes to calf thymus DNA (CT-DNA) were studied by using different spectroscopic as well as viscometric titration techniques (Table 1) .
UV-Vis absorption spectral measurements are carried out to evaluate the equilibrium binding constant (K) and binding site size (s) of the complexes to CT-DNA by monitoring the change in the absorption intensity of the spectral band at $300 nm for all the complexes. Complexes 2 and 4 show minor bathochromic shift of the spectral band of $3 nm with significant hypochromisty of 10-20%, suggesting mainly groove binding propensity of the complexes to the double-stranded DNA (Fig. 4) . On the contrary no apparent change in the spectral band was observed on addition of CT-DNA under a similar condition for the complexes 1 and 3. , respectively, with the respective binding site size 0.12 and 0.15. Very less binding propensity of the complexes 1 and 3 did not allow us to measure the binding constant and the binding site size. The complex 4 having dpq as one of the ligand shows very efficient DNA groove binding propensity among all the complexes. The complex 2 having phen as the ligand exhibits comparatively less binding propensity to the CT-DNA. The complexes 1 and 3 are comparatively inefficient to bind to the CT-DNA under a similar condition. High DNA binding affinity of the complex 4 could be due to the dpq ligand with its extended quinoxaline aromatic ring which could undergo p-stacking interactions with the DNA bases. The presence of two electronegative oxygen atoms which can lead to the electrostatic hindrance with the negative phosphate backbone in the 5,6-phenanthroline dione makes the complex 3 inefficient in binding to the CT-DNA. The complex 1 which lacks planer aromatic system displays very poor binding affinity to the double-stranded CT-DNA. The binding site size (s) which is the measure of the number of DNA bases associated with the complex is low for the complexes, suggesting primarily DNA groove-binding nature of the complexes in preference to intercalation. Commonly a low value of s (61) is suggested for surface aggregation of hydrophobic molecules on DNA due to p-stacking or electrostatic interaction [53] .
The emission spectral method is used to study the relative binding of the complexes to CT-DNA. The emission intensity of ethidium bromide (EB) is used as a spectral probe as EB shows reduced emission intensity in buffer solution because of solvent quenching and an enhancement of the emission intensity when intercalatively bound to DNA. The binding of the complexes to DNA decreases the emission intensity of EB. Relative binding propensity of the complexes to DNA is measured from the extent of reduction in the emission intensity ( , respectively. The order of K app for the complexes was very similar to the absorption titration methods and a similar explanation can be cited as stated earlier.
The nature of binding of the complexes to the CT-DNA was further investigated by DNA-melting and viscometric titration experiments. The DNA denaturation experiment shows only minor shift in the melting temperature (T m ) giving a DT m value of 1.0-2.0°C on addition of the complexes to CT-DNA (Fig. 5) . The low value of DT m suggests primarily groove-binding preference of the complexes. The classical intercalators such as ethidium bromide (EB) are known to show significantly high DT m values.
Viscometric titration experiment was also carried out to explore the propensity of DNA binding by the complexes. A significant increase in the viscosity of DNA on addition of any external species can result only when there is intercalation, as the intercalation leads to the separation among the DNA bases leading to the increase in the effective size in DNA which could be the reason for the increase in the viscosity [54] . In contrast, compounds binding to DNA grooves result in minor variation or no variation in the viscosity of the DNA solution. Plot of (g/g 0 )
gives a measure of the viscosity changes (Fig. 5) . A marginal increase in the relative viscosity was observed on addition of the present complexes to DNA solution suggesting mainly groovebinding nature of the complexes. by the complex 4 is dose dependent. Control experiments using only SC pUC19 DNA, MPA (500 lM), or the complexes alone do not show any apparent cleavage of SC DNA under similar reaction conditions ( Table 3 ). The reaction of SC DNA with copper(II) salts in the presence of MPA does not show any cleavage activity. All the negative controls suggest it is the complex that is responsible for the chemical nuclease activity. Mechanism for the chemical nuclease activity by the complex 4 (taken as a representative of the complexes) was investigated in the presence of various quenchers for the reactive oxygen species. The complex 4 in argon environment or in hypoxic condition does not show any significant chemical nuclease activity in the presence of MPA indicating the possibility of involvement of reactive oxygen species (ROS) in DNA cleavage reaction. Addition of hydroxyl radical scavengers such as DMSO, KI or catalase significantly inhibits the cleavage. Superoxide dismutase (SOD) also imparts significant inhibition on DNA cleavage activity of the complex 4. So it could be the possibility of formation of superoxide radical during the redox reaction involving copper(II) center in the presence of MPA. On the contrary singlet oxygen scavengers such as NaN 3 or L-histidine or TEMP (2,2,6,6-tetramethylpiperidine) do not show any appreciable inhibitory effect on the chemical nuclease activity by the complex 4 (Fig. 7, Fig. S4 ). The DNA cleavage reaction of the complexes in the presence of MPA probably proceeds through the hydroxyl radical pathway in a similar way as proposed by Sigman (Scheme 2) [2] . To determine the groove binding preference of the ternary complexes, we have carried out DNA cleavage experiments in the presence of DNA minor groove binder distamycin-A. Complexes 2 and 4 show inhibition in DNA cleavage suggesting their minor groove binding propensity to the double-stranded DNA.
Conclusion
Four ternary copper(II) complexes of an N,O donor L-alanine and bidentate N,N 0 -donor heterocyclic bases are synthesized and structurally characterized by X-ray crystallography. The crystal structure shows square-pyramidal (4 + 1) coordination with an axially bound water molecule. The complexes are redox active and display metal centered cyclic voltammetric responses at $0.05 V. The phen and the dpq analogues display efficient DNA binding propensity to the DNA in the minor groove. The phen and dpq complexes due to their efficient binding affinity to the ds DNA show chemical nuclease activities in the presence of MPA under the physiological condition. Mechanistic investigations reveal hydroxyl radical involvement in the chemical nuclease activity in the presence of MPA under the aerobic condition.
